The zebrafish has become an important vertebrate model for basic and biomedical research, including the research field of the biology of reproduction. However, very few morphological and stereological data are available regarding zebrafish testis structure and spermatogenesis. In this careful histomorphometric evaluation of the testis, we studied spermatogonial cells using molecular markers, determined the combined duration of meiotic and spermiogenic phases, and examined the formation of the Sertoli cell barrier (tight junctions). We found at least nine spermatogonial generations and propose a morphology-based nomenclature for spermatogonial generations that is compatible with the one used in higher vertebrates. The number of germ cells per cyst increased dramatically (1 to ;1360 cells) from undifferentiated spermatogonia type A to early spermatids. The combined duration of meiotic and spermiogenic phases is approximately 6 days, one of the shorter periods among the teleost fish investigated to date. The number of Sertoli cells per cyst increased 9-fold during the maturational cycle of spermatogenic cysts and stabilized in the meiotic phase at a ratio of approximately 100 early spermatids per Sertoli cell (Sertoli cell efficiency). Similarly to mammals, Sertoli cell proliferation ceased in the meiotic phase, coinciding with the formation of tight junctions between Sertoli cells. Hence, the events taking place during puberty in the germinal epithelium of mammals seem to recapitulate the ''life history'' of each individual spermatogenic cyst in zebrafish.
INTRODUCTION
The zebrafish (Danio rerio; family Cyprinidae, order Cypriniformes) is a small freshwater teleost fish (;5 cm in length) originally from Central Asia [1] . Easy handling, high number of progeny, transparent embryos, and forward and reverse genetics approaches have contributed to the importance of this model species in basic and biomedical research; reproductive physiology [2] , integrative physiology in general [3] , and more applied research fields, such as ecotoxicology [4] or aquaculture [5] , increasingly make use of the zebrafish model.
Spermatogenesis is a complex and highly coordinated process by which diploid spermatogonia produce millions of spermatozoa daily [6] . This process is fueled by spermatogonial stem cells, which have the potential for both self-renewal and for differentiating into spermatogonia committed to sperm development [7] [8] [9] . In fish, as in other anamniote vertebrates, spermatogenesis occurs in cysts that are formed when a single spermatogonium is completely surrounded by the cytoplasmic projections of one or two Sertoli cells [10] . As in all animals, the cells resulting from differentiating mitotic divisions of single spermatogonia remain interconnected by cytoplasmic bridges that synchronize developmental processes among the members of the same germ cell clone [11, 12] . Thus, in this cystic type of spermatogenesis, a given Sertoli cell is in contact with only one germ cell clone. This is the main difference in relation to noncystic spermatogenesis, as occurs in amniote vertebrates (reptiles, birds, and mammals), where several clones at different stages of development are distributed along basal, lateral, and adluminal surfaces of a Sertoli cell [6, 13, 14] . Apart from the cystic arrangement, the spermatogenic process in teleost fish is very similar to that of mammals [15] .
With regard to the biology of male reproduction, zebrafish were studied to assess the effects of endocrine disruptors [2, 16] or the production of reproductive pheromones [17] . However, few quantitative data are available regarding the basic aspects of testis morphology and spermatogenesis in zebrafish. Histological and stereological investigations are adequate approaches to a better understanding of the spermatogenic process and testis function in fish [18, 19] . Such an evaluation allows the determination of the dynamics in the numbers of germ cells and Sertoli cells for each type of spermatogenic cyst, and it provides information on the number of spermatogonial generations, on the magnitude of germ cell loss occurring during spermatogenesis, and on Sertoli cell efficiency.
Our long-term aim is to further our understanding of the regulation of spermatogenesis. We hypothesize that in the cystic mode of spermatogenesis, Sertoli cell functions related to supporting a given stage of spermatogenesis can be studied undisturbed by germ cells in other stages of development, in contrast to noncystic spermatogenesis, where several germ cell clones are in contact with a given Sertoli cell. A basis required for such studies, as well as for other fields, like reproductive toxicology, is a thorough description of zebrafish spermatogenesis, including quantitative data that allow a better understanding of spermatogenesis. Such data have not yet been published, and the main objectives of the present study were to perform a comprehensive stereological study of the different types of spermatogenic cysts (the number of germ cells and Sertoli cells per spermatogonial, spermatocyte, and spermatid cyst). Although the different stages of meiosis and spermiogenesis are relatively easy to differentiate, the successive spermatogonial generations are not. Therefore, we devoted particular attention to the mitotic phase of spermatogenesis, propose a nomenclature for the different spermatogonial generations, and have started with a molecular characterization of the spermatogonia. Based on these data, we are able to estimate the number of spermatogonial generations, the magnitude of germ cell loss, and Sertoli cell number and efficiency. We also determined the duration of the combined meiotic and spermiogenic phases at 278C through the incorporation of 5 0 bromo-2 0 -deoxyuridine (BrdU). Finally, the permeability of the Sertoli cell barrier was assessed during the spermatogenic phases by using an electron-dense tracer, lanthanum nitrate.
MATERIALS AND METHODS

Animals, Sampling, Biometry, and Testis Structure
Thirty sexually mature zebrafish-outbred animals and Tübingen AB strain (TABs)-were used for histology and stereology (TABs), analysis of the duration of spermatogenesis (TABs), and Sertoli cell barrier analysis (outbred). The animals were anesthetized and weighed, and the testis was dissected out, weighed, and fixed by immersion (see below). The gonadosomatic index (GSI) was obtained by the formula GSI ¼ (testes weight/body weight) 3 100. All procedures used followed approved guidelines for the ethical treatment of animals and national laws. Experimental protocols were submitted to, and approved by, the Utrecht University and Federal University of Minas Gerais (CETEA) committees for animal experimentation and care.
Testis Stereology
For histological and stereological analysis, testes were fixed in 4% buffered (PBS) glutaraldehyde at 48C overnight. The tissue was dehydrated and embedded in 2-hydroxyethyl methacrylate. In a pilot study, we determined the nuclear diameter of the different germ cell types to determine the section thickness that avoids counting the same nucleus twice, using the procedure described previously [20] . According to these results, testes were serially sectioned at 2 and 3 lm thickness; histological sections were stained with 1% toluidine blue.
The total number of germ cells and Sertoli cells per spermatogonial, spermatocyte, and spermatid cyst was counted on serial sections using a total of 13 zebrafish. This evaluation was performed after selecting cysts entirely encompassed by serial sections. At least five cysts were analyzed for each germ cell type in each fish. The Sertoli cell efficiency was estimated from the ratio of germ cells:Sertoli cells for each cyst type.
For a high-resolution light microscopy analysis of the spermatogonial compartment and to differentiate morphologically the spermatogonial generations, small fragments of zebrafish testes (n ¼ 5) were fixed by immersion in 5% glutaraldehyde in 0.05 M sodium cacodylate buffer (pH 7.2-7.4) for at least 24 h. After fixation, the material was rinsed three times in the same buffer, postfixed in osmium-ferrocyanide, dehydrated, embedded in araldite, sectioned for light microscopy (1 lm thick), and stained with toluidine blue.
The individual Leydig and germ cell volumes (lm 3 ) were obtained from the nuclear volume and the proportion (%) between nucleus and cytoplasm of each cell type evaluated, which were determined as described previously [20] .
Germ cell loss (apoptosis) was analyzed qualitatively and quantitatively and was expressed as a percentage of apoptotic cells per cyst. These apoptotic cells were morphologically characterized as darker-stained cells, as is typical in this condition for cells embedded in plastic and stained with toluidine blue [19] .
Immunocytochemical and In Situ Hybridization Experiments
Testis tissue from adult males (outbred or TABs) was fixed in 4% paraformaldehyde in PBS overnight at 48C. For immunocytochemistry, the tissue was rinsed briefly in PBS before being immersed in PBS containing 20% (w/v) sucrose for 1 day at 48C. Tissue was then frozen in Neg50 (Richard-Allan Scientific, Kalamazoo, MI). Cryosections (10 lm thick) were used to detect Vasa [21] or Piwil1 (also known as Ziwi) [22] protein using previously described antisera raised in rabbit.
Rabbit anti-Vasa was used at a dilution of 1:200 and incubated overnight at room temperature before incubation with a goat anti-rabbit antiserum labeled with fluorescein isothiocyanate (FITC; 1:200; A11008; Invitrogen, Carlsbad, CA) for 90 min at room temperature. The buffer also contained 1 lg/ml propidium iodide to label DNA. The sections were analyzed with a confocal laser scanning microscope using 488 and 536 nm as excitation wavelengths for FITC and propidium iodide, respectively. Detection of Piwil1 protein and staining of DNA by 4 0 ,6 0 -diamidino-2-phenylindole were done as described by Houwing et al. [22] .
For in situ hybridization, paraformaldehyde-fixed tissue was dehydrated and embedded in paraffin according to conventional techniques. Sections of 5 lm thickness were used for the detection of mRNA encoding proliferating cell nuclear antigen (pcna), a protein involved in DNA synthesis and repair [23] and shown to be predominantly expressed in rapidly proliferating spermatogonia in Japanese eel [24] . The zebrafish pcna mRNA sequence (http://www.ncbi.nlm. nih.gov/entrez/viewer.fcgi?db¼nuccore&id¼18859222) was used to design specific primers. A zebrafish pcna PCR product (634 bp) was generated using primers 1039 and 1040 (Supplemental Table S1 available online at www. biolreprod.org) and zebrafish testis cDNA as template, and it was gel purified and served as template for digoxigenin (DIG)-labeled cRNA probe synthesis by in vitro transcription. For cRNA synthesis, 300 ng of PCR product was incubated at 378C for 2.5 h in a 20-ll reaction volume containing 4 ll of 53 T3/ T7 RNA buffer (Invitrogen), 2 ll of 0.1 M dithiothreitol, 1 ll (29.7 U/ll) of RNAguard RNase inhibitor (GE Healthcare, Fairfield, CT), 2 ll of 103 DIG RNA labeling mix (Roche, Mannheim, Germany), and either 2 ll (50 U/ll) of T3 RNA polymerase (for sense probe; Epicentre, Madison, WI) or 2 ll (50 U/ ll) of T7 RNA polymerase (for antisense probe; Epicentre).
Duration of Spermatogenesis (Meiotic and Spermiogenic Phases)
To estimate the combined duration of meiotic and spermiogenic phases at 278C, 16 animals (TABs) were exposed to BrdU dissolved in water (3 mg/ml) for approximately 15 h. The animals (n ¼ 2 per time point investigated) were sampled at 1 h and at 1, 2, 3, 4, 5, 6, and 7 days after the exposure was terminated.
BrdU incorporation was detected following a protocol modified from Van de Kant and de Rooij [25] . Zebrafish testes were fixed for 5 h at room temperature in freshly prepared methacarn (60% [v/v] absolute ethanol, 30% chloroform, and 10% glacial acetic acid) and embedded in Technovit 7100 (Heraeus Kulzer, Wehrheim, Germany). Five-micrometer-thick sections were subjected to antigen retrieval (1% [v/v] BSA). Revelation of immunostaining was done using avidin-biotin complex incubation for 1 h (Vector Laboratories) followed by diaminobenzidine (Dako, Glostrup, Denmark) substrate development for 20 sec. Nuclei were counterstained with hematoxylin Gill no. 3 (Sigma-Aldrich) for 30 sec. For a negative control, the primary antibody (mouse anti-BrdU) was replaced with the same concentration of normal mouse immunoglobulin G (BD Biosciences).
Sertoli Cell Barrier
To investigate the presence and timing of the formation of the Sertoli cell barrier (tight junctions between Sertoli cells) during spermatogenesis, lanthanum nitrate (La(NO 3 ) 3 ) was prepared by slowly adding drops of 0.01 N NaOH to 2% La(NO 3 ) 3 (Vetec, Rio de Janeiro, Brazil) until the solution reached pH 7.8. This opalescent solution was mixed with an equal volume of cacodylate-buffered glutaraldehyde to make a fixative containing 1% lanthanum and 2% glutaraldehyde in 0.1 M cacodylate at pH 7.8 or 7.3.
The testes from outbred animals were prefixed for 2 min in the fixative containing lanthanum, and then small pieces (2-3 mm ) were fixed by immersion in the same fixative for 5 h at room temperature. The material was rinsed overnight in the same lanthanum solution without glutaraldehyde at 48C (pH 7.8 or 7.3 according to the fixative pH). The samples were postfixed for 8 h in 1% OsO 4 in 0.1 M cacodylate buffer containing 1% lanthanum at pH 7.8 or 7.3 (according to the fixative pH). After overnight staining in 0.5% aqueous uranyl acetate, the material was dehydrated in alcohol, embedded in araldite, and documented using a JEOL 100 CX-II transmission electron microscope (80 kV). 
Statistical Analysis
All quantitative data are presented as the mean 6 SEM and analyzed via ANOVA (Student-Newman-Keuls test). The analysis was performed using the software STATISTICA 3.11 for Windows (StatSoft Inc., Tulsa, OK). The significance level in comparisons was considered to be P , 0.05.
RESULTS
Biometry and Testis Structure
The mean testis weight of zebrafish was 4.7 6 0.2 mg, resulting in a GSI of 1.0% 6 0.05%. The testes are paired and elongated organs that stretch dorsally through the length of the body cavity and are connected to the dorsal body wall via the mesorchium. The testes join caudally to form a single spermatic duct that terminates on the urogenital papilla. The anastomosing seminiferous tubules ( Fig. 1A and inset, arrows) empty dorsally into the main testicular efferent duct (Fig. 1B) that continues caudally as a single spermatic duct. Different types of germ cell cysts (from spermatogonia to spermatids) are distributed along the seminiferous epithelium ( Fig. 2 and Supplemental Fig. S1 ).
Number of Germ Cells and Sertoli Cells per Cyst
All stereological data are presented in Table 1 . The total number of Sertoli cells per cyst increased gradually and significantly from type A undifferentiated spermatogonium to pachytene spermatocyte cysts, and it shows a strong trend toward stabilization from diplotene spermatocytes to mature spermatids ( Table 1 ). The number of germ cells per cyst increased geometrically, as expected, from a single type A undifferentiated spermatogonium to early spermatids, showing a reduction of 7% of the expected theoretical number from intermediate to final spermatid cysts ( Table 1 ).
The data obtained for the number of spermatogonia and early spermatocytes per cyst allowed us to estimate that nine generations of spermatogonia are present in zebrafish-one generation of type A undifferentiated spermatogonia (see below for morphological details on two forms of type A undifferentiated spermatogonia that are both found as single germ cells in early cysts), three generations of type A differentiating spermatogonia, and five generations of type B (early: B1-B3; late: B4 and B5) spermatogonia. Because the nuclear morphology among the different generations of type B spermatogonia was very similar, the criteria used to distinguish each generation of this cell type were the decreasing cell size and the increasing number of spermatogonia per cyst. Regarding the Sertoli cell efficiency for spermatids, approximately 100 spermatids were found per Sertoli cell. Considering the theoretical number expected and the number obtained, we can estimate that the total germ cell loss during spermatogenesis was ;38%. Using the deviation from theoretical number of germ cells for each generation, germ cell loss (by apoptosis) occurs in two steps-in the final spermatogonial generation and during the first meiotic prophase (B5 to diplotene), and then during the second meiotic division (secondary spermatocytes to early spermatids; Table 1 ). Although only ;62% of the germ cells complete spermatogenesis in zebrafish, apoptotic germ cells are rarely detected in adult zebrafish.
Germ Cell and Leydig Cell Stereology and Cyst Volume
Although the total number of germ cells per cyst increased during spermatogenesis, the opposite was observed for the nuclear diameter and for the nuclear, cytoplasmic, and cellular volumes ( Table 1 ). The trend was broken by a gradual but transient increase of these parameters in primary spermatocytes (from preleptotene to pachytene spermatocytes). Based on the 180 total number of germ cells per cyst and the individual volume of each germ cell type, we determined the total cyst volume, which showed a strong and steady increase from type A undifferentiated spermatogonium to pachytene spermatocytes, decreasing from this maximum to 85% in late spermatid cysts ( Table 1) .
The Leydig cell nuclear, cytoplasmic, and cell volumes were 53 6 0.9 lm 3 , 52 6 0.7 lm 3 , and 105 6 1.6 lm 3 , respectively. Leydig cells are not randomly distributed in the interstitial space but often form clusters, sometimes in the form of ringlike structures around blood vessels (Supplemental Fig.  S2 ). Although not properly quantified, these clusters appeared to be larger in the periphery of the testis.
Spermatogonia Morphology, Spermatocytes, and Spermiogenesis
Two types of type A undifferentiated spermatogonia can be differentiated in zebrafish testes based on morphological criteria. They are referred to as type A undifferentiated* (A und *) and type A undifferentiated (A und ; Fig. 3 ).
Both cell types differ from all later stages in that they are completely enveloped as a single cell by Sertoli cells and are the largest germ cells (;677 lm 3 ), with a large nucleus (diameter, 8.6 lm) containing poorly condensed chromatin and one or two compact nucleoli. Specific for type A und * spermatogonia is that their nuclear envelope has an irregular outline that is not found in type A und spermatogonia, and that the ratio between cytoplasm and nucleus is higher in type A und * than in all other spermatogonia, including type A und (Fig. 3) .
The type A differentiated (A diff ) spermatogonia are very similar to the undifferentiated type. However, because these cells result from mitoses with incomplete cytokinesis, they are grouped (two, four, or eight) within the cyst and are smaller than the type A und spermatogonia. The nucleus of type A diff spermatogonia is denser and smaller, the nuclear envelope acquires a regular round shape, and two or three small nucleoli are found that assume eccentric positions ( Fig. 3 and Supplemental Fig. S1 ). Moreover, heterochromatin starts to appear as flecks along the nuclear envelope (Fig. 3) . When performing analysis by high-resolution light microscopy, we have sometimes observed small cysts of type A spermatogonia in which one of the germ cells showed morphological characteristics of type A und * spermatogonia, and the other cells showed the characteristics of type A diff spermatogonia (Fig. 3 , asterisk in cysts with A diff 1 and A diff 2).
Type B early spermatogonia have an elongated/round nucleus with one or two small nucleoli. A major difference from type A spermatogonia is the increased amount of heterochromatin, which is distributed as round clumps throughout the nucleus or associated with the nuclear envelope ( Fig. 3 and Supplemental Fig. S1 ).
In type B late spermatogonia, the number of germ cells inside the cyst increases ( Table 1 ). The nucleus is round, smaller than in the early type B spermatogonia, and dense, and the heterochromatin (round clumps and associated with the nuclear envelope) reaches maximum density ( Fig. 3 and Supplemental Fig. S1) .
Spermatocytes in the different phases of meiosis can be identified by nuclear characteristics, such as size, chromosome condensation, and meiotic figures of the chromosomes (e.g., metaphase I or II; Fig. 2 , G-K and Table 1 ). Leptotene/ zygotene spermatocytes have a larger, rounder nucleus compared with the last generation of type B spermatogonia, showing a clear chromatin with small spots of heterochromatin bordering the nuclear envelope (Fig. 2H) . Pachytene spermatocytes are the largest cell type among the spermatocytes. Their nucleus is denser and contains chromosomes as bold 
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lines from the periphery to the central part of the nucleus (Fig.  2I) . Diplotene spermatocytes are always found together with metaphasic figures (metaphase I; Fig. 2J ). In this cell type, the chromosomes reach their maximum degree of condensation. Secondary spermatocytes are rare because they quickly enter into meiosis II. They have a round nucleus with a dense chromatin (Fig. 2K) .
Spermiogenesis in zebrafish is marked by a striking reduction in the cellular volume (Table 1) . We propose to differentiate three types of spermatids in zebrafish spermiogenesis: early (Fig. 2L), intermediate (Fig. 2M) , and final spermatids (Fig. 2N ). This classification is based on the increasing nuclear compaction and space between the spermatids (reflecting the loss of cytoplasmic bridges and the flagellum formation; Fig. 2, L-N) .
Immunocytochemical and In Situ Hybridization Experiments
Our studies on molecular markers showed that antibodies against zebrafish Vasa and Piwil1 intensely labeled single type A undifferentiated spermatogonia and, in the case of Piwil1, also small cysts with type A differentiated spermatogonia (Supplemental Fig. S3, A and B) . Vasa protein was also present at intermediate levels in differentiating spermatogonia and at low levels in spermatocytes, whereas spermatids and spermatozoa remained unlabeled. In the case of Piwil1, the labeling became very weak in late type B spermatogonia and spermatocytes, and it was not detected in haploid germ cells. The in situ hybridization for pcna mRNA, on the other hand, provided an intense labeling of more differentiated spermatogonia (Supplemental Fig. S3, C and D) .
Duration of Spermatogenesis (Meiotic and Spermiogenic Phases)
The most advanced germ cells that carried a BrdU label after different periods following BrdU exposure at 278C are shown in Figure 4 . One hour after the termination of exposure (i.e., ;16 h after the start of contact with BrdU), the most advanced germ cells labeled were identified as early pachytene spermatocytes (Fig. 4A) . At 1, 2, and 3 days after BrdU exposure, the most advanced cells labeled were late pachytene spermatocytes (Fig. 4, B-D) , implying that it took less than 1 day to form pachytene from preleptotene spermatocytes. Four days after exposure, labeled spermatids were identified, whereas after 5 days we noticed the first labeled spermatozoa in the tubular lumen (Fig. 4, E and F) . After 6 and 7 days of exposure, we regularly found labeled spermatozoa in the lumen of the seminiferous tubules (Fig. 4, G and H) . Also, after 7 days, spermatozoa were found in the lumen of the efferent duct system (Fig. 4I) . Based on these observations, we can estimate 182 that the combined duration of meiotic and spermiogenic phases is very short in this species and lasts approximately 6 days (15 h of incubation plus 5 days after incubation).
Sertoli and Leydig cells were also labeled (Fig. 4 , J and K), indicating that both cell types are able to proliferate in sexually mature animals.
Sertoli Cell Barrier
During spermatogenesis, lanthanum can be found inside spermatogonial and early meiotic cysts (leptotene/zygotene spermatocytes; Fig. 5, A and B) . On the other hand, lanthanum was not found inside early spermatid cysts (Fig. 5, C and D) , demonstrating that the Sertoli cell barrier (tight junctions) is established at the beginning of spermiogenesis, therefore obstructing the entry of lanthanum into the cyst lumen. Lanthanum has never been found in the lumen of spermatogenic tubules.
DISCUSSION
Testis Structure and Distribution of Spermatogonia
The zebrafish testicular parenchyma shows the typical vertebrate pattern with the germinal and interstitial compartments. As in other fishes and amphibians, the seminiferous tubules contain spermatogenic cysts formed by Sertoli cells that envelop a group of synchronously developing germ cells, which are derived in a clonal manner from one stem cell. The morphology of the different germ cell types observed for zebrafish is generally similar to what is described for most species of teleost fish [18, 19, [26] [27] [28] [29] , including the absence of acrosomes in spermatozoa [15] .
Regarding the distribution of spermatogonia along the germinal compartment, two testis types have been described in fish: restricted and unrestricted [27] [28] [29] . In the restricted type (a derived character), undifferentiated type A spermatogonia are confined to the distal end of seminiferous tubules, near the tunica albuginea. In the unrestricted type (a primitive character), these spermatogonia are found at random sites along the seminiferous tubule throughout the testis. An intermediate type appears to exist in a number of orders (e.g., Gadiformes [30] , Perciformes [18] , Pleuronectiformes [31] ), where undifferentiated type A spermatogonia show a preferential, but not exclusive, location close to the tunica albuginea. We have found that undifferentiated type A spermatogonia in zebrafish were distributed along the entire germinal compartment. The zebrafish testis belongs, therefore, to the unrestricted type. Moreover, zebrafish testes contain anastomosing tubules, which is another primitive feature previously described in the orders Cypriniformes, Characiformes, Salmoniformes, and others [29] .
Sertoli Cell Number
In the present study, the number of Sertoli cells per cyst was quantified using serial sections. The final number of Sertoli cells in mammals is established at puberty, when Sertoli cells cease proliferating and differentiate terminally [6] . Because a Sertoli cell's capacity to support germ cells is limited, Sertoli cell number limits testis size and determines the spermatogenic capacity [32] . Data on the Sertoli cell number for teleosts with external fertilization are only available for Oreochromis niloticus [18] [19] [20] and zebrafish (this study). In both species, the number of Sertoli cells per cyst increased (4-fold in tilapia, 9-fold in zebrafish) and tended to stabilize in the meiotic phase, attaining a ratio of ;92 and ;95 spermatids per Sertoli cell in tilapia and zebrafish, respectively. During spermatogenesis in guppies (Poecilia reticulata), a species with internal fertilization, it was observed that the number of Sertoli cells per cyst also increased considerably (;30-fold, from ;4 to ;130 Sertoli cells per cyst) from a cyst with a single, undifferentiated spermatogonium until the initial phase of the spermiogenesis, when nearly 24 000 spermatids per cyst were found (i.e., ;170 spermatids per Sertoli cell [33] ). We conclude that it is a typical feature of adult teleost spermatogenesis that Sertoli cell number increases per cyst during its development. Detailed studies in tilapia and African catfish [18, 19] showed that the vast majority of dividing (i.e., incorporating 3 H-thymidine or BrdU) Sertoli cells were associated with expanding spermatogonial cysts. It may not seem surprising, therefore, that we have found proliferating Sertoli cells in the testes of young adult zebrafish. However, tilapia and catfish show life-long somatic and testis growth, unlike birds or mammals and unlike zebrafish. However, a certain growth of both body and testis takes place after the zebrafish have completed puberty (first reproduction) at approximately 12 wk of age. At this point, we are unable to determine whether the observed Sertoli cell proliferation represents remaining growth until attainment of final testis size, or whether during cystic spermatogenesis a certain loss of Sertoli cells occurs that requires compensatory proliferation. The scarce literature available on Sertoli cells in teleosts speculates that after spermiation, these cells can degenerate or become integrated into the epithelium of the spermatic ducts [10, 28, 34] . Similar to what was observed in tilapia [18, 19] , and despite analyzing several hundreds of cysts in zebrafish, Sertoli cells with the morphological characteristics of apoptosis were not observed. One explanation may be that the very high phagocytotic activity of Sertoli cells [35] removes apoptotic Sertoli cells quickly, so that they do not accumulate to a noticeable degree. Alternatively, Sertoli cells may be ''recycled'' after spermiation to contribute to the formation/growth of a new/still developing cyst.
Sertoli Cell Efficiency and Germ Cell Loss
Considering the number of spermatids per Sertoli cell in zebrafish, tilapia, and guppies (90-170) [18] [19] [20] 33] , the Sertoli cell efficiency is quite high in fish, with their cystic arrangement of the spermatogenic process-10 to 20 times higher than in mammals [6, 36, 37] . Despite the great range in the number of spermatids per cyst in tilapia, zebrafish, and guppies (;650, ;1300, and ;24 000, respectively), the efficiency of the Sertoli cells in these three species of teleost fish is relatively similar. Moreover, experimentally induced changes in Sertoli cell numbers led to corresponding changes in germ cell numbers in tilapia [20] , suggesting that, like in mammals [37] , the number of Sertoli cells is the main factor determining the magnitude of the sperm production.
Germ cell apoptosis constitutes a normal process during spermatogenesis [38] and can occur in different developmental phases. In mammals, it is considered mainly to function in density regulation of spermatogonia and to eliminate cells with chromosomal damage (meiotic phase), whereas cell loss during spermiogenesis is less prominent [37] . The quantitative significance of germ cell loss becomes clear when considering that in mammals, only two to three spermatozoa of 10 theoretically possible cells are produced from type A1 spermatogonia [7, 37] . In the present study, we found that instead of the theoretically expected 2048 mature spermatids, approximately 1300 were formed. Hence, 6 of 10 possible cells reached the final stages of development, which contributes to the high efficiency of fish spermatogenesis. We speculate that the tailored proliferation of Sertoli cells is a relevant factor for the high survival rate of germ cells in the fish testis.
Apoptosis is mainly found during spermiogenesis in tilapia (;25% vs. ;10%), whereas in zebrafish there is a greater loss (;20% vs. 10%) during the spermatogonial phase. In both species, about 10% apoptosis occurred during meiosis. In guppies [33] and Atlantic cod [30] , the main loss of germ cells occurred in the spermatogonial phase. These findings suggest that although the total losses are quite similar among fish species, apoptosis can occur during different stages along the spermatogenic process, which may reflect differences in the fine regulation of this process. The frequency with which apoptotic cells were observed in sections was surprisingly low, despite the overall loss of ;40% of germ cells. We ascribe this apparent discrepancy to the high phagocytotic efficiency of zebrafish Sertoli cells [35] . However, our understanding of the process of apoptosis and its regulation in fish is still incipient, and only a few species of teleost fish have been investigated in this regard.
Spermatogonial Generations
Knowing the precise number of spermatogonial divisions is fundamental to understanding the regulation of spermatogenesis. Previous reports stated that the number of spermatogonial generations in teleosts varies from four to six in zebrafish [39, 40] up to 14 in guppy [33] , and intermediate values are observed in other teleost species [18, 26, 40] . Stereological analysis of spermatogenic cysts, as done by serial sections in the present study, is a laborious but powerful approach to establish the number of cells per cyst, which allows deduction of the number of spermatogonial generations. This permitted the calculation that nine generations of spermatogonia (type A undifferentiated spermatogonia, three generations of type A differentiating spermatogonia, and five generations of type B spermatogonia) are present in zebrafish. Ando and collaborators [40] reported four or five generations of spermatogonia in zebrafish, but the conclusion was based on counting spermatids in single sections where the cysts showed the maximum diameter. The difference in results may be based on the fact that this approach assumes a spherical shape of spermatid cysts and would lead to an underestimation of cell numbers if the actual shape was irregular or elongated, which is not unusual in zebrafish according to our observations. Spermatogonial morphology in fish has been described on the light [19, 28, 30, 31, 33, 41, 42] and electron [41] [42] [43] microscopy levels. However, there is no consensus about the terminology used to address the different spermatogonial generations in this group of vertebrates. This difficulty is in part due to the cystic mode of spermatogenesis, so that-unlike 184 the situation in reptiles, birds, and mammals-there are no stages (specific cellular associations) in the seminiferous epithelium of fish. Two types of spermatogonia have been described in fish considering basically the size and number of cells within the cysts. For example, single, larger spermatogonia were designated primary spermatogonia or type A spermatogonia; smaller and grouped spermatogonia (in pairs or more), on the other hand, were referred to as secondary or type B spermatogonia [44, 45] . However, close morphofunctional analysis reveals cells with significant differences in morphology and kinetics among the secondary or type B spermatogonia, with some generations being more similar to the type A undifferentiated spermatogonia and others more similar to the more differentiated types of smaller spermatogonia in medium-sized or large groups. Hence, the first generations of grouped spermatogonia in small cysts share a number of characteristics with the single spermatogonia in fish as well as with the type A spermatogonia in rodents. Therefore, based on similar criteria (e.g., nuclear and nucleolar features, and the presence, amount, and distribution of heterochromatin) used to discriminate between different types of spermatogonia in rodents [46] , we evaluated zebrafish testes with highresolution light microscopy and proposed a nomenclature for spermatogonial generations that is in line with established systems in higher vertebrates. In this way, we have described the following sequence of spermatogonial generations: undifferentiated type A spermatogonia (A und * and A und ) ! type A differentiated (A diff ) ! type B early (B early ) ! type B late (B late ). A und * and A und are single cells with a large nucleus containing poorly condensed chromatin and one or two nucleoli. A und * spermatogonia have an irregular nuclear envelope that is not found in type A und . A diff are grouped (approximately two, four, or eight) within the cyst, and their nucleus is denser than in the previous spermatogonial generation, with heterochromatin as flecks along the nuclear envelope. The type B early spermatogonia (theoretically 16-32 cells; we counted 14-28 cells) have an elongated/round nucleus with one or two small nucleoli. A major difference from type A spermatogonia is the increased amount of heterochromatin that is distributed as round clumps throughout the nucleus or associated with the nuclear envelope. In the type B late spermatogonia (;55 to 208 cells), the nucleus is round, smaller, and more dense, and the heterochromatin forms round clumps associated with the nuclear envelope.
This morphological classification is standardized and reproducible for the zebrafish, and it can be applied to other fish species as well, except perhaps for the absolute values of the cell/nuclear sizes, whereas the relative changes of these parameters are found also in other species [20, 33] . Therefore, this categorization may provide a basis for standardizing the nomenclature used for spermatogonia in fish. Moreover, this classification parallels the nomenclature in mammals, mainly regarding the amount of heterochromatin, which is expected to simplify comparative approaches. Especially in mice, this approach has been used extensively [46, 47] . Finally, the present classification has the flexibility to allow for adjustments if required by future results-for example, regarding the molecular and/or functional characterization of the different developmental stages of germ cells, such as indicated by the expression analysis of stage-specific proteins/mRNAs (Supplemental Fig. S3 ) or by the capacity of germ cells to colonize a recipient's testis after transplantation (stemness) [48, 49] .
The coexistence of undifferentiated and differentiated spermatogonia type A in the same cyst is intriguing in the context of stemness of spermatogonia. We were able to make this observation because the high-resolution approach allowed identifying cell membranes and cyst borders on the light microscopy level. Future work will have to evaluate the ratio of equal:unequal division of type A und * spermatogonia (e.g., stem cell self-renewal vs. differentiation fate) and the regulation of this balance-for instance, regarding the orientation of the mitotic spindle pole, such as that described in Drosophila testis [50] , or regarding factors (e.g., glial cell line-derived neurotrophic factor) secreted by Sertoli cells in rodents (see De Rooij [51] for review). In addition, an intriguing question to be investigated in fish refers to the ''stemness'' of a subset of differentiating spermatogonia, as has been described recently for mouse testis under certain injury conditions [52] .
Meiotic and Postmeiotic Cells
Compared with the studies on tilapia [18, 19] , where the same methods were used as here, the size of germ cells in zebrafish is ;3-fold smaller in practically all of the spermatogenic phases, notwithstanding that a similar pattern was found regarding the morphological changes during spermatogenesis in zebrafish, tilapia, and guppies [33] . A noticeable exception in guppies is that the maximum diameter among primary spermatocytes was observed in zygotene cells.
In general, volume changes of meiotic and postmeiotic germ cells in zebrafish and tilapia were similar to those observed in mammals [37] . However, in mammals, diplotene spermatocytes show the maximum volume [37] . We do not have an explanation for the shift to pachytene in teleosts (zygotene in guppies) at present. It seems reasonable to expect the maximum cell volume in diplotene spermatocytes that have accumulated the genetic and cytoplasmic material required for the two upcoming fast meiotic divisions and the formation of spermatids [37] . Clearly, this aspect of teleost spermatogenesis deserves further study. With pachytene spermatocytes being the biggest cell type in the meiotic phase, it is not surprising that pachytene cysts also show the maximum average volume of spermatogenic cysts. Cyst volume decreased progressively during spermiogenesis. This may reflect the remarkable nuclear condensation and elimination of cell organelles and cytoplasm during spermiogenesis [18, 19, 37, 53, 54] . Moreover, apoptotic loss of germ cells also occurs during this stage (see above).
Leydig Cells
We are not aware of studies on the individual volume of Leydig cells in teleosts other than tilapia [20, 48] . Similarly to the germ cells, Leydig cells in tilapia were 3-to 4-fold larger than observed here in zebrafish. In mammals, Leydig cell volume can vary from ;400 lm 3 in ovine and wild boars [55, 56] to ;5000 lm 3 in horses [57] , with most species ranging between 1000 and 2000 lm 3 [56, 58] . Hence, the volume of Leydig cell ranges at the low end of this comparative scale. As in other fish [12] , Leydig cells formed groups or clusters with extensive plasma membrane contact zones. Although we did not quantify this aspect, it seems that Leydig cell clusters were larger/contained more cells close to the tunica albuginea than in central areas of the testis.
Duration of Spermatogenesis (Meiotic and Spermiogenic Phases)
A number of studies have dealt with the duration of spermatogenesis in teleosts [18, 39, [59] [60] [61] [62] [63] . Determining the duration of spermatogenesis in mammals is classically based on the fact that the different germ cell generations form specific, recurrent cell associations, known as stages of the seminiferous epithelium. The determination of their relative frequencies SPERMATOGENESIS IN ZEBRAFISH enables the total duration of the differentiation process from stem cells to spermatozoa to be deduced [6, 37, 56, 58, 64] . In cystic spermatogenesis, however, this approach is not feasible. It is possible, however, to determine the duration of the meiotic and spermiogenic phases (i.e., from preleptotene/leptotene up to spermatozoa). This period is identical to the time required for an S-phase marker, such as BrdU, which is incorporated during the final round of DNA synthesis, to appear in spermatozoa. Using this approach, we found that the combined duration of the meiotic and spermiogenic phases is about 6 days in zebrafish. This is similar to the duration found in an Indian freshwater perch, Colisa fasciata [65] , whereas a period of 3 wk was the longest found among teleosts in black mollies Poecilia sphenops [61] . In general, fish germ cells proceed faster through meiosis/spermiogenesis than mammalian germ cells, which take 3-7 wk [37, 56] .
Different from the homoeothermic mammals, the duration of spermatogenesis in fish varies depending on the water/body temperature [66] . Studies describing the effects of temperature on the duration of spermatogenesis in fish [59, 60] or reptiles [67] showed that in general, elevated temperatures accelerate germ cell development. The fact that zebrafish usually reproduce in temperatures close to 308C can explain, at least in part, the short duration of the meiotic and spermiogenic phases. The short duration, a high number of spermatogonial generations, and a high efficiency of the Sertoli cell jointly allow the prediction that the daily sperm production per volume unit of the zebrafish testicular parenchyma will be rather high.
Sertoli Cell Barrier
Experimental evidence of the Sertoli cell barrier (''bloodtestis barrier'') became available when certain dyes were incapable of reaching meiotic and postmeiotic germ cells in the mammalian seminiferous epithelium [68, 69] . The use of electron-dense tracers, such as lanthanum, showed in mice [70, 71] that tight junctions between neighboring Sertoli cells in the seminiferous epithelium prevented the passage of the tracer. The Sertoli cell barrier has been demonstrated in all other classes of vertebrates (birds [72] , reptiles [73] , amphibians [74] , and fish [75, 76] ). It appears that the effective seclusion of the genetically and immunologically distinct meiotic and postmeiotic cells is an important, evolutionarily conserved principle in spermatogenesis.
In fish, depending on the species, the establishment of the tight junctions between Sertoli cells occurs in cysts containing primary spermatocytes [75] or spermatids [12, 77, 78] . In zebrafish, lanthanum was detected among spermatogenic cells until the beginning of the meiotic prophase but was excluded from cysts containing early spermatids, demonstrating that the Sertoli cell barrier is established at the end of meiotic phase. Interestingly, we have never observed lanthanum in the lumen of spermatogenic tubules, even though it was able to enter cycts containing germ cells up to the stage of leptotene/ zygotene spermatocytes. Therefore, we consider it possible that future analysis will provide evidence for tight junctions among adluminal Sertoli cells (i.e., separating the lumen of spermatogenic tubules from the lumen of spermatogenic cysts) already being established shortly after cyst formation. The formation of tight junctions among Sertoli cells at the basal part of the germinal epithelium, on the other hand, appears to depend on the stage of development of the germ cells. This situation suggests that not only in mammals but also in zebrafish, the germinal epithelium is polarized. Regarding the establishment of the microenvironment required for germ cell development, other structures besides the Sertoli cell barrier may be involved, such as the capillary endothelium, the basal lamina, and peritubular myoid cells [78] .
In conclusion, this is the first detailed study using morphological, stereological, and molecular approaches on spermatogenesis in zebrafish. Also, we are proposing a new nomenclature for the spermatogonial generations in zebrafish that will allow further comparisons with other fishes but also with higher vertebrates, such as mammals. The new results obtained for the zebrafish in the present study contribute to the characterization of the testicular function in this important teleost model species, which may be of great value in future studies on the regulation of spermatogenesis.
